Abstract-We report on the fabrication and characterization of large-area 2-D square arrays of subwavelength holes in Ag and Al films. Fabrication is based on thermal nanoimprint lithography and metal evaporation, without the need for etching, and is compatible with low-cost, large-scale production. Reflectance spectra for these arrays display an intensity minimum whose amplitude, center wavelength, and line width depend on the geometry of the array and the reflectivity of the metal film. By placing various fluids in contact with the subwavelength aperture arrays, we observe that the center wavelength of the reflectance minimum varies linearly with the refractive index of the fluid with a sensitivity of over 500 nm per refractive index unit. The surface plasmon theory is used to predict sensitivities to refractive index change with accuracies better than 0.5%.
I. INTRODUCTION

S
UBWAVELENGTH aperture arrays composed of metal films patterned with arrays of periodically spaced subwavelength holes exhibit a number of optical resonance modes, including what Ebbesen et al. [1] described as extraordinary optical transmission due to surface plasmon (SP) coupling. These optical resonances can be exploited to produce a bandpass filter in transmission and a notch filter in reflection. The SP theory [2] states that the electromagnetic field bound to the surface of a metal film is affected by the complex permittivity of both the metal and the adjacent dielectric. Therefore, the wavelengths of reflection minima and transmission maxima depend on the permittivity of the medium in contact with the metal film, allowing sensitive detection of refractive index changes in a liquid on the subwavelength aperture array surface. SP-based devices have the potential to provide sensing with minimal analyte volumes and normal to near-normal optical interrogation angles [3] . While a competing theory to describe extraordinary optical transmission in terms of diffracted evanescent waves shows promise [4] , the present results enforce the validity of the SP model for predicting optical sensitivities of subwavelength aperture arrays in metal films.
To fabricate the nanometer-scale features required to produce optical resonances at visible wavelengths, earlier researchers have used focused ion beam or electron beam lithography [5] - [9] , which are slow, serial methods not well suited to mass manufacturing of large-scale arrays. Nanoimprint lithography (NIL), in contrast, is fast, low cost, and has proven to be a viable lithography method for nanometer-scale features [10] , [11] . In this paper, we demonstrate a novel method for fabrication of large-area high-quality 2-D subwavelength aperture arrays using a NIL-based process that is readily extendable to roll-to-roll, high throughput manufacturing. Our method can be extended to a variety of inexpensive substrates, including plastics, and could make low-cost, disposable subwavelength devices available for applications in medical diagnostics and homeland defense.
In this paper, we first present aspects of the SP theory relevant to the understanding of subwavelength optics. Next, we discuss the fabrication of the aperture arrays, followed by experimental testing and results. Finally, experimental results are compared with the SP theory.
II. SP THEORY
The operating principle of a subwavelength aperture array patterned in a metal film involves the diffraction of incident light by the periodic structure of the array, allowing this light to couple into SP waves propagating on the metal surface. Resonant interaction of the SP waves at the apertures results in maxima in the transmission spectrum and minima in the reflection spectrum. The SP wave vector k x is defined by the dispersion relationship [2] 
where λ is the free-space wavelength, ε m is the complex permittivity of the metal, and ε d is the complex permittivity of the dielectric. For insulators, the imaginary component of ε d is negligible [12] . As with other optical resonators, the quality factor of the SP-mediated resonance depends on the ratio of the stored energy to the rate of energy loss within the resonator. Losses are produced by resistive dissipation in the metal film and by scattering from roughness on the metal surface and at the aperture edges. To estimate the effect of resistive losses for a particular metal, we evaluate the imaginary component of (1), which provides the SP propagation length X defined as the location where the SP intensity falls to 1/e:
At a 604-nm wavelength in air, an SP at a water-Ag interface (ε d = 1.777 and ε m = −13.98 + 0.625i, respectively) has a propagation length of 10.4 µm. The propagation length of an SP at the same wavelength for a water and Al (ε m = −19.32 + 6.68i) interface is 2.23 µm. This difference in propagation length indicates that an Ag grating should achieve a quality factor that is 4.7 times greater than a similar Al grating.
For use in applications such as SP resonance (SPR) sensors, it is useful to estimate the distance the electromagnetic field extends into the adjacent dielectric. The component of the SP wave vector orthogonal to the plane of the grating k z d is given by
Dielectric skin depth, which is the distance where the electric field falls to 1/e, is calculated from the imaginary component of (3):
For an aluminum-water interface, Z d = 238 nm, which is approximately equal to one-half the adjusted wavelength of light in water (604 nm/1.333 = 453 nm).
While the previous SP calculations are valid for both patterned and unpatterned metal films, calculations involving momentum matching between the incident light and the SP wave are required to determine the optical modes for subwavelength aperture arrays. Momentum matching allows free-space light to couple to SP's and SP's to couple to free-space light [13] - [15] . The light at normal incidence to a square grating can couple to SP's at wavelengths given by
where a 0 is the hole periodicity and p and q are index integers signifying the order of optical modes. An iterative method is required to solve (5) to account for the frequency-dependent permittivity. The SP model as shown in (5) is limited in that it does not account for variations in metal thickness or hole size. Resonant optical modes are known to shift to shorter wavelengths and decrease in bandwidth with increasing metal thickness [16] . It has also been shown that the resonant optical modes increase in magnitude, shift to longer wavelengths, and increase in bandwidth with an increase in hole size [7] . 
III. FABRICATION
The subwavelength aperture arrays in this paper were fabricated, as shown in Fig. 1 , by thermally imprinting an Si template into a 350-nm-thick layer of polymethyl methacrylate (PMMA) spin-coated on a 100-mm-diameter Si wafer using a Nanonex NX-2000 nanoimprinter.
Next, the imprinted substrates were metallized with a 60-nmthick layer of either Ag or Al by shadow evaporation at an angle of 45
• with respect to the wafer surface. During the evaporation process, the wafer is continuously rotated at 20 r/min, ensuring that the metal is deposited on the surface of the PMMA and the periphery of the holes but not in the bottom of the holes. The original template was fabricated using laser interference lithography [17] and consisted of an Si wafer patterned with a 1 in square array of 200 nm diameter, 300-nm-tall SiO 2 posts, with a pitch of 500 nm.
Completed Ag and Al gratings are shown in Fig. 2 . The resulting hole periodicity and diameter are 500 and 110 nm, respectively. Circular holes eliminate polarizationdependent reflection and transmission characteristics reported for arrays of noncircular holes [18] . It is important to note that Si was picked for convenience and compatibility with our NIL equipment. Considerably less expensive substrates and stamps could be used to create similar holes patterns and summarily metallized, e.g., we have already demonstrated large area, dense 100-nm trenches in solid polymer slabs using thermal imprinting with an electroformed Ni master [19] .
The shadow evaporation method shown in Fig. 1 results in some metal deposition that reaches down into the PMMA holes and forms metal tubes. These tubular features disrupt the surface waves on the bottom of the metal film and limit transmission through the arrays. A fabrication method where the metal is etched to form the nanohole array [20] creates gratings more amenable to transmission applications where integration with an underlying device is desired. This requires the selection of a metal that can be readily etched, e.g., Al. The reflective devices presented here could be integrated with overlying devices as long as the subsequent materials and processing steps are compatible.
IV. TESTING AND RESULTS
Completed gratings were tested with the use of an optical spectrometer (Ocean Optics USB2000) coupled to a microscope. Broadband light from a tungsten filament lamp was directed through the microscope onto the metal grating. Zeroorder reflected light was collected by the microscope objective and measured with the spectrometer. Reflectivity measurements were performed with four fluids of differing refractive index disposed on the grating surface, as well as with the grating exposed to dry air. The four fluids used for testing were methanol, water, ethanol, and isopropanol; the resulting refractive index varied from 1 (air) to 1.378 (isopropanol). Optical constants for the Ag and Al films were measured on unpatterned regions of the metal film with a spectroscopic ellipsometer (J. A. Woollam M-44). These measured optical constants can be treated as effective quantities since measured Ψ and ∆ values include surface oxidation and roughness. Software included with the ellipsometer was used to calculate the complex refractive index from the Ψ and ∆ values with the assumption of a single optically thick layer.
Reflectivity data are shown in Fig. 3 for the Ag and Al gratings in air and coated with four different fluids.
The analytical wavelengths calculated for (p, q) = (1,0) in (5) are marked with solid vertical lines. The SP theory closely predicts the location of reflectivity maxima preceding reflectivity minima, which is in agreement with other reported results involving the interference of the reflected incident wave and surface waves [21] . The average quality factor of the reflectance minimum was calculated by dividing the center wavelength by the full-width at half-maximum (FWHM) and was found to be 35.6 and 13.0 for the Ag and Al gratings, respectively. The difference in the quality factors of the Ag and Al gratings match the trend predicted by the SP propagation length. The fact that the Ag grating has a quality factor that is only 2.7 times greater than the Al grating, rather than 4.7 as predicted by (2) , suggests that scattering losses have a significant effect on the quality factor. This conclusion is consistent with the observation that the Ag film shown in Fig. 2 has large grains comparable in size to the subwavelength apertures. Although the propagation length and quality factor are smaller in Al than in Ag, Al is self-passivating and amenable to a wider range of processing options. The sensitivities to refractive index change for both Ag and Al gratings are predicted with an accuracy better than 0.5%. Sensitivities for Ag and Al are measured to be 513 and 517 nm per refractive index unit (RIU), which matches well with other reported SP grating devices [22] . It is apparent that the shift in the center wavelength of each optical mode is linear with refractive index change. While this linearity is consistent with the SP theory, the apparent offset between the theoretical and measured wavelengths in Fig. 4 suggests that the SP resonance may correspond to the reflectivity peak immediately preceding the reflectivity minimum, as shown in Fig. 3 . Indeed, evidence exists that SP resonances produce reflectivity maxima [23] .
The analytical SP model presented in (5) provides a limited picture of the reflectivity spectrum, which is produced by a variety of grating resonances in addition to the SP resonances. More complete predictions are provided by computational electromagnetic models, such as rigorous coupled-wave (RCW) analysis, which has been used to accurately predict the spectral response of nanohole gratings [26] . The usefulness of the analytical SP equation given by (5) is limited to the accurate prediction of sensitivities to refractive index change. Since the sensitivity depends on the material and geometric properties of the grating, experimental calibration is required to produce quantitative refractive index measurements. Calibration could be performed using measurements of fluids with known refractive index. Here, we have used ellipsometeric measurements of the metal films. Measured optical constants for Al were typically 25%-35% lower than published values; this result is consistent with oxidation of the Al surface from exposure to air [24] . Ag grating optical constants measured ellipsometrically were also lower than published values by up to 35%. Optical properties depend not only on surface oxidation but also on the deposition method and surface preparation, such as annealing [25] .
V. CONCLUSION
In conclusion, we have reported on a simple method to fabricate large-area 2-D subwavelength aperture arrays in Al and Ag, which can be easily extended to low-cost mass production. Optical performance of these subwavelength aperture arrays was optically characterized and analyzed using a simple SP model. The sensitivity of the resonant wavelength to refractive index change of liquids in contact with the subwavelength aperture array was measured and found to accurately agree with the SP model with an accuracy better than 0.5%.
